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1. Introduction      
As wind turbine generator (WTG) technology is one of the fastest growing renewable 
energy technologies, the focus is given towards the cost-benefit analysis (Agalgaonkar et al., 
2006); as well as, study of its specific grid integration issues (Zavadil et al., 2005). Many 
countries have their own grid codes (rules and regulations) to integrate WTG into the utility 
grid. Most common grid codes for WTG include low voltage ride through (LVRT) 
capability, voltage control, power quality, and protection requirements. AWEA 
recommended adoption of an LVRT requirement developed by E.ON Netz as shown in Fig. 
1. Whereas, WECC (Western Electricity Coordinating Council) has put effort to lenient this 
stringent requirement in May 2005. 
 
 
Fig. 1. LVRT requirements for wind generation facilities [4]. 
There are two major types of WTG technology: constant speed WTG and variable speed 
WTG (Ackermann, 2005). The major earlier installations in developing countries are based 
on the constant speed WTG technology because it is robust, economical, and simple in 
design (Kanabar & Khaparde, 2008). India ranks fifth in the world with a total installed 
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capacity of more than 11,500 MW by the end of March, 2010 (Wind Power, 2010). Most of 
the WTGs currently installed in India are fixed or constant speed induction generators. 
However, unlike variable speed WTG, the constant speed WTG does not satisfy LVRT 
requirements that are because during a nearby fault, rotor accelerates to very high value and 
hence the WTG becomes unstable (Kanabar et al., 2006). This phenomenon is referred to as 
rotor speed instability (Samuelsson & Lindahl, 2005).  
Several literatures are available on stability analysis of a constant speed WTG. The study of 
transient stability of a constant speed WTG using dynamic simulation has been presented in 
(Rodriguez et al., 2002) with case study on Spanish system. The comparison of transient 
stability margin between constant speed and variable speed WTGs has been discussed in 
(Nunes et al., 2003). It has been shown that a constant speed WTG has a much lesser 
transient stability margin as compared with a variable speed WTG. Reference (Chompoo-
inwai et al., 2005) examines the response of a constant speed WTG during faults and the 
possible impacts on the system stability when the percentage of wind generation increases. 
Moreover, literature also suggests controlling wind turbine blade angles to stabilize the 
generator during fault conditions. A comparative study between active stall control and 
pitch control of a constant speed WTGs are discussed in (Ackermann, 2005). It can be 
concluded from the literature that to meet the LVRT requirements (according to grid codes), 
rotor speed stability margin of a constant speed WTG should be improved. There are two 
different methods to control a constant speed WTG: 1) providing additional reactive power 
support for improving the terminal voltage, this in turn, will increase the electromagnetic 
torque and hence, the rotor acceleration can be reduced; 2) mechanical torque control by 
pitching the blades during a system disturbance can be used to reduce the rotor acceleration. 
There are several already installed constant speed WTGs without this blade pitch control 
functionality. Therefore, first method of providing additional reactive power would be 
suitable for them. On the other hand, many modern wind turbine blades have pitch control 
mechanism. And hence, second method would be suitable for them.  
Section-2 of the chapter presents the detailed analytical formulae derived for rotor speed 
stability margin to determine the exact amount of additional reactive power support 
required to achieve the LVRT capabilities. Using simulation of the dynamic model in 
MATLAB, it has been shown that the calculated value of reactive power is sufficient for the 
WTG to comply with the LVRT requirements by enhancing rotor speed stability. Section-3 
demonstrates the implementation of the active stall controller for the constant speed WTG 
enhances, and explains how this method can enhance rotor speed stability to meet the LVRT 
requirements with the help of simulation using DIgSILENT software. 
2. Enhancement of rotor speed stability margin of a constant speed WTG 
using additional reactive power compensation 
A constant speed WTG consumes reactive power and hence, shunt capacitor banks are 
connected to it to supply reactive power locally. Conventionally, the nominal rating of a 
capacitor bank selected is to compensate for no-load reactive power demand (Jenkinds et al., 
2000). However, as real power is exported, additional reactive power is drawn from the 
network. This reactive power consumption ramps up drastically during faults due to 
acceleration of the rotor. Consequently, it has to be disconnected from the grid due to rotor 
speed instability. Therefore, a constant speed WTG without pitch control does not possess 
LVRT capability. During a fault, if additional shunt capacitor banks are connected, then the 
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recovery of voltage and electromagnetic torque can be improved. Thereby, rotor acceleration 
can be reduced. This will increase the critical clearing time of a constant speed WTG. This 
section will quantify the amount of additional reactive power support required to improve 
the critical clearing slip and time such that it can meet the LVRT requirements. Further, the 
effect of wind velocity and rotor inertia constant on the critical clearing slip and time have 
also been discussed. 
2.1 Steady state analysis of a constant speed WTG 
Fig. 2 shows a single line diagram of a sample system with a constant speed WTG and 
capacitor banks connected to an infinite bus through a step-up power transformer. 
 
 
Fig. 2. Single  line  diagram of a sample system. 
To calculate the exact amount of reactive power support required to satisfy the LVRT 
requirement, it is necessary to obtain a relation between the critical slip (scr) and the reactive 
power support in steady state.  
Let us consider the steady-state equivalent model of a constant speed induction generator as 
shown in Fig. 3. In this figure, rl and Xl are the line resistance and reactance respectively; Xtr 
is the transformer reactance; XC is the capacitive reactance; rs and Xs are the stator resistance 
and reactance respectively; Xm is the magnetizing reactance; r′r and X′r are the rotor 
resistance and reactance referred to the stator side respectively and s is the rotor slip. All 
these above quantities are in per unit. 
To obtain the torque-slip characteristics of a constant speed WTG, a Thevenin equivalent has 
been derived across points A and B, as shown in Figs. 3 and 4.  
The formula to calculate the Thevenin’s voltage is indicated below: 
  
(1)
 
Where, 
 
The values of the Thevenin resistance (rth) and Thevenin reactance (xth) are obtained as 
follows: 
  
(2)
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Fig. 3. Equivalent  circuit  diagram  of  a  sample  system. 
 
 
Fig. 4. Thevenin’s  equivalent  circuit. 
  
(3)
 
Where, 
 
 
                              
 
From Fig. 4, the electromagnetic torque (in p.u.) of a constant speed WTG can be determined 
as follows: 
  
(4)
 
Using (6.4), the torque versus slip characteristic has been obtained, and is shown in Fig. 4.4. 
In the normal operating condition, the electrical and mechanical torques will be equal; 
hence, the WTG will operate at slip s0 (point Q). When a severe fault occurs close to the 
WTG, the terminal voltage of the WTG falls drastically. This will reduce the electrical torque 
to almost zero. Consequently, the rotor will oscillate, and the slip of the WTG will increase 
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gradually. Once the fault is cleared, the terminal voltage and electrical torque will again 
increase to its nominal value and thereby, the rotor will decelerate. If the fault is cleared 
after the critical clearing time (tcr), the rotor may accelerate to a higher than critical slip (scr) 
value. In this case, although the fault is cleared and the terminal voltage is recovered back, 
the rotor will continue to accelerate (beyond scr), and therefore, the WTG will enter into the 
unstable region. This phenomenon implies that if the rotor slips crosses the point P (as 
shown in Fig 5), the WTG will be disconnected from the grid due to over-speed protection. 
In practice, over-speed protection circuit disconnects the WTG from the grid when the speed 
of the WTG exceeds 1.2 p.u. 
 
 
Fig. 5. Torque-slip characteristic of a constant speed WTG. 
2.1.1 Evaluation of critical slip 
As shown in Fig. 5, the critical slip can be obtained by equating the electrical torque of the 
WTG with its mechanical torque. 
From (4), 
  
(5)
 
This leads to, 
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(6)
 
 
This is a quadratic equation in ‘s’, and following are its roots (scr,s0) (as depicted in Fig. 5) 
  
(7)
 
  
(8)
 
Equation (7) shows that scr is mainly a function of the parameters such as rth, Xth and Vth. The 
value of these parameters also depends on BC (the amount of reactive power compensation 
in per unit). 
2.2 Calculation of critical clearing time 
Let us consider rotor dynamics to obtain the critical clearing time, 
  
(9)
 
where, s is the slip in p.u., Tm is the mechanical torque in p.u., Te is the electromagnetic 
torque in p.u., H is the combined inertia constant of the WTG system in sec. Integration of 
(9) leads to, 
  
(10)
 
It has been assumed that during fault Tm − Te remains constant.  
Finally, 
  
(11)
 
From the above equation, it can be observed that the critical clearing time is directly 
proportional to the inertia constant and the difference of the critical and initial slip, and 
inversely proportional to the difference between the mechanical and electromagnetic 
torque. 
2.3 Simulation results and discussions 
Modelling of the constant speed WTG, capacitor banks and grid has been carried out in 
MATLAB/SIMULINK software tool. Currents from the WTG have been added to the 
currents from the capacitor banks. The total current has been injected into the grid. From 
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this injected current, the terminal voltage has been calculated which is given as an input to 
the WTG and capacitor banks. 
A 600 kW constant speed WTG has been considered for this analysis. The machine 
parameters are listed in Table 1. This WTG is stall controlled and hence, it does not possess 
blade-pitch control. 
 
Parameters Value 
Rated  Power 600  kW 
Rated Phase  Voltage 690  V 
Rated  Frequency 50  Hz 
Number  of  Poles 4 
Stator  Resistance  (rs) 0.016  p.u. 
Stator  Leakage  Reactance  (Xls) 0.15  p.u. 
Rotor  Resistance  (rr ) 0.01  p.u. 
Rotor  Leakage  Reactance  (Xlr ) 0.11  p.u. 
Magnetizing  Reactance  (Xm) 7.28  p.u. 
Inertia  constant  (J ) 18.029  kg·m2 
Table 1. Parameters  of  a  Constant  Speed  WTG 
2.4.1 Effect of additional reactive power support 
With the help of simulation, it has been shown that this 600 kW constant speed WTG does 
not comply with the LVRT requirements (as shown in Fig. 8). Hence, the WTG has to be 
disconnected from the grid due to rotor speed instability whenever a fault occurs in its 
vicinity. However, by providing additional reactive power support, rotor speed stability of 
the WTG can be enhanced such that it can satisfy the LVRT requirements. This phenomenon 
has been discussed in this section with the help of simulation results. Further, the exact 
quantification of reactive support required achieving particular values of critical slip and 
critical clearing time has been obtained theoretically. Finally, using the dynamic model of 
the system, it has been shown that dynamic simulation results (critical slip and time) match 
with the analytically calculated results using equations (7) and (11). Fig. 6 shows the torque-
slip characteristics of a 600 kW WTG with two different value of reactive power injection. 
Equation (3) shows that the electromagnetic torque is a function of Vth, rth and Xth. For a 
given set of machine parameters, Vth, rth and Xth are functions of BC (the value of reactive 
power compensation) as shown in equations (1), (2) and (3) respectively. For nominal 
reactive power support, the value of BC is 0.23 p.u., and with an additional capacitor bank of 
0.22 p.u., the value of BC will be 0.45 p.u. As indicated in Fig. 6, an additional value of BC 
will shift the torque-slip characteristic upwards. Consequently, the value of critical slip will 
increase from -0.118 p.u. to -0.15 p.u. Improvement of scr because of additional BC can also be 
obtained numerically using (7). Similarly, using (11), tcr has been calculated as 0.12 s with 
the nominal capacitor bank, and 0.155 s with an additional capacitor bank. The equations for 
scr and tcr (as a function of BC) have been verified using a dynamic-simulation model of the 
sample system. A severe three phase-to-ground fault has been created on the system such 
that the terminal voltage at the constant speed WTG should remain as per LVRT 
requirements. To consider the worst condition, the wind velocity has been kept constant at 
its rated value in the simulation. Therefore, the mechanical torque of the turbine will remain 
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Fig. 6. Torque-slip characteristics of the WTG with nominal and additional reactive power. 
 
 
Fig. 7. Electromagnetic  torque  and  rotor  speed  without  additional  capacitor  bank. 
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at 1 p.u. during the fault. As per LVRT requirements (refer Fig. 1), a WTG should remain 
stable for 0.15 s with a terminal voltage of 0.15 p.u. It means that to satisfy the LVRT 
requirement, a WTG should have a critical clearing time of at least 0.15 s. 
Fig. 7 shows the electromagnetic torque and rotor speed in per unit. During the fault, the value 
of Te will reduce to almost zero. Hence, the rotor will accelerate to -0.11 p.u. slip within 0.12 s. 
The numerical values of the critical slip and time are calculated to be -0.118 p.u. and 0.12 s 
from equations (7) and (11) respectively. If the fault persist for more than the critical clearing 
time (0.12 s), the rotor will continue to accelerate and theWTG becomes unstable. Fig. 8 shows 
the electromagnetic torque and rotor speed for a fault of duration 0.15 s.  
 
 
 
 
Fig. 8. Electromagnetic torque and rotor speed without additional capacitor bank for a fault 
of duration 0.15 s. 
 
The speed of the WTG ramps up gradually and it has to be disconnected from the grid 
before the mechanical constraint on the rotor speed (1.2 p.u.) is reached. However, as per 
LVRT requirements, a constant speed WTG should remain connected for at least 0.15 s, 
which is not satisfied for this 600 kW WTG with a nominal value of reactive power 
compensation. To meet the LVRT requirements, an additional capacitor bank has been 
employed in parallel with the WTG. With this, executing the dynamic model again, it has 
been observed that the WTG remains stable even for 0.15 s. The rotor accelerates to -0.15 p.u. 
slip, and after the fault is cleared, the rotor comes back to its nominal value of -0.005 p.u. slip 
as shown in Fig. 9. 
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Fig. 9. Electromagnetic  torque  and  rotor  speed  with  additional  capacitor  bank. 
3. Enhancement of rotor speed stability margin using active stall control 
3.1 About active stall control 
The rotor speed stability of a constant speedWTG can be improved by active stall control. 
Under transient conditions, the active stall controller controls the blade pitch angle (ǃ) in the 
negative direction to reduce the turbine torque. This action helps to reduce the acceleration 
of the rotor, and improves the rotor speed stability. Using this phenomenon, the 
enhancement of rotor speed stability of a constant speed WTG with active stall is explained 
as follows.  The active stall control based constant speed WTG has control of pitch in the 
negative direction (i.e. between −90o to 0o) with respect to pitch control based WTG (Type-
A1). The rate of negative pitch control is normally less than 8o per second. 
Fig. 10 shows the difference in the direction of blade rotation between pitch controlled and 
active stall controlled constant speed WTG. In the figure, the chord line is the straight line 
connecting the leading and trailing edges of an airfoil. The plane of rotation is the plane in 
which the blade tips lie as they rotate. The pitch angle (ǃ) is the angle between the chord line 
of the blade and the plane of rotation. And, the angle of attack (ǂ), is the angle between the 
chord line of the blade and the relative wind or the effective direction of air flow. 
In active stall control, at low wind speeds, the machine is usually controlled by pitching its 
blades similar to a pitch controlled machine, to track maximum power gen-eration. When 
the machine reaches its rated power value, the blades are pitched in the direction opposite 
from what a pitch controlled machine does, in order to reduce output power. This needs 
pitch angle ǃ to be decreased, typically, by a small amount only. Hence, the rating of pitch 
drives is less for active stall control as compare with pitch control (Ackermann, 2005). 
Therefore, the cost and complexity are comparatively less for active stall controlled WTGs. 
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Fig. 10. Power generation control methods: (a) pitch control, (b) active stall control. 
3.2 Design of active stall controller for constant speed WTG  
The block diagram of active stall based WTG is shown in Fig. 11. To enhance rotor speed 
stability, pitch angle controller controls the generator speed by means of pitch angle of the 
blades. Accordingly, the mechanical torque (input to the induction generator) changes and it 
controls the rotor speed to lie within the allowable range. 
 
 
Fig. 11. Block diagram of active stall control based WTG. 
As shown in Fig. 12, the pitch angle controller controls the pitch angle of the wind turbine 
blades. This would change the power coe cient Cp, which changes the mechanical torque 
input to the induction generator. Finally, the pitch angle controller controls the speed of the 
generator and enhances rotor speed stability. In the figure, T represents the time constant of 
the servo mechanism. The values of the controller parameters are given in Table 3. 
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Fig. 12. Active stall pitch controller. 
3.2.1 Aerodynamic model of the wind turbine 
The aerodynamic torque developed on the main shaft of a wind turbine is give by: 
  
(12)
 
where, Ta is the aerodynamic torque developed in N· m; ωm is the speed of the wind 
turbine in rad/s; ρ is air density in kg/m2; R is the radius of wind turbine blade rotation 
area in m; Vw is the average wind speed in m/s; Cp is the power coeffcient of the wind 
turbine. 
3.3 Simulation results and discussions 
As shown in Fig. 13, a 1.5 MW constant speed WTG has been connected to a medium 
voltage (MV) distribution network. Modeling of WTG with capacitor bank connected to a 
sample system has been simulated using DIgSILENT PowerFactory.  
 
Parameters Value 
Rated  Power 1.5  MW 
Rated Phase  Voltage 690  V 
Rated  Frequency 50  Hz 
Number  of  Poles 4 
Stator  Resistance  (rs) 0.01  p.u. 
Stator  Leakage  Reactance  (Xls) 0.1  p.u. 
Rotor  Resistance  (rr ) 0.01  p.u. 
Rotor  Leakage  Reactance  (Xlr) 0.1  p.u. 
Magnetizing  Reactance  (Xm) 3.0  p.u. 
Inertia  constant  (J) 20.0  kg·m2 
Table 2. Parameters  of  a  1.5  MW  constant  speed  WTG 
For rotor speed stability analysis, a 3-phase severe fault has been created on line-1 at time 
t=5 s. The fault has been cleared by removing that line from the system at time t=5.15 s. To 
analyze the behavior of the WTG during this grid disturbance, the quantities of induction 
generator  (at bus-6) such as active power generation (in MW), rotor speed (in p.u.), reactive 
power generation (in Mvar), and generator terminal voltage (in p.u.) have been plotted. The 
effect of the operating point and active stall control on rotor speed stability is illustrated in 
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the next sub-sections. If a fault occurs close to a constant speed WTG, the voltage at the 
generator terminals of the wind turbine drops, which results in the reduction of active 
power. If a wind turbine controller does not attempt to reduce the mechanical power input, 
the turbine accelerates during the fault. If a wind turbine has no means of controlling its 
power, then critical clearing time will be very short (Ledesma et al., 2003). 
Figs. 14 and 15 show the induction generator quantities when a 3-phase line fault is created 
on Line-1 at 5 s and cleared at 5.15 s by disconnecting the line. During the fault, the voltage 
dips and active power generator reduce to almost zero. As the torque of wind turbine is not 
controlled, the generator rotor continue to accelerate. This result into the rotor speed 
instability. Finally, the over-speed relay removes the generator from the grid. Because of this 
phenomenon, it can be said that a constant speed (squirrel cage) induction generator does 
not have LVRT capability. 
 
 
Fig. 13. A  sample  system  with  a  1.5  MW  constant  speed  WTG. 
 
Parameters Value 
Proportional  gain  (Kp) 500 
Integral  gain  Ki 20 
Time  constant  (T) 0.5s 
Min.  limit  of  ǃ  (ǃmin) −30o 
Max.  limit  of  ǃ  (ǃmax) 10o 
Rate  of  ǃ 8o/s 
Table 3. Parameters  of  active  stall  controller 
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Fig. 14. Generator  active  power  and  speed  without  active  stall  control. 
 
 
Fig. 15. Generator  reactive  power  and  terminal  voltage  without  active  stall  control. 
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Parameters Value 
WTG  mechanical  inertial  (J ) 4x106 kgm2 
Stiff coefficient(k) 100x106 Nm/rad 
Damping  coe    cient(D) 0  Nms/rad 
Radius  of  blade  rotation  area  (R) 35 m 
Air  density  (ρ) 1.225kg/m3 
Table 4. Parameters  of  Wind  Turbine 
3.4  Effect of active stall control on the rotor speed stability 
With the help of active stall control, the input mechanical torque of a constant speed WTG 
can be reduced. During a grid disturbance, the system voltage sags, and hence, the active 
power supplied by the WTG decreases. As a result, the rotor speed increases and the WTG 
draws a very high reactive power, as shown in Figs. 16 and 17. In this case, the WTG power 
output is 1.5 MW (at constant wind speed). Using active stall pitch controller, the WTG will 
remain stable even though the fault is cleared at 5.4 s. That is because the mechanical input 
power, and hence, the active power generated is reduced by controlling the pitch angle in 
negative direction. This results into reduction in mechanical input torque. Consequently, the 
speed and hence, the reactive power drawn reduces and this improves the rotor speed 
stability, as shown in Figs. 16 and 17. A constant speed WTG continues to supply power to 
the grid and satisfy the LVRT requirements of the WTG. 
 
 
Fig. 16. Effect of active stall control on rotor speed stability: active power and speed. 
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Fig. 17. Effect of active stall control on rotor speed stability: reactive power and voltage. 
4. Conclusion 
It has been shown that a constant speed WTG cannot meet LVRT grid code due to rotor 
speed instability. Consequently, the analysis has been aimed towards developing techniques 
to enhance the rotor speed stability such a way that a constant speed WTG can satisfy LVRT 
grid code.  
The first technique involves providing additional reactive power support during 
disturbances. This technique is useful for a constant speed WTG without active stall con-
trol. This extra reactive power would recover the voltage and hence, the electromagnetic 
torque. Therefore, the rotor acceleration reduces and the value of tcr increases. For this 
analysis, a 600 kW constant speed WTG connected to a sample network with nominal 
reactive power support (BC =0.22 p.u.) has been simulated using MATLAB. Using the 
simulation results, it has been shown that with this nominal value of reactive power sup-
port, tcr is 0.12 s. However, according to the LVRT requirements tcr should be at least 0.15 s. 
Therefore, additional reactive power support of the same value (BC =0.22 p.u.) has been 
connected. This extra reactive power increases the value of tcr to 0.15 s, which is in 
compliance with the LVRT requirements. 
Second technique is based on pitch angle control of turbine blades to control the mechanical 
torque. For this analysis, an active stall controller for use with turbine dynamic model has 
been designed using DIgSILENT simulation tool. From this simulation model, it has been 
shown that during a network disturbance, the active stall controller reduces the turbine 
torque and the rotor acceleration. Consequently, this would enhance the rotor speed 
stability margin. For this analysis, a 1.5 MW constant speed WTG connected to a sample 
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system has been simulated using DIgSILENT. From the simulation results, it has been 
shown that with the help of active stall control, the value of tcr increases from 0.1 s to 0.4 s in 
order to meet LVRT requirements. 
During grid integration, it is mandatory for the owners of WTGs to ensure compliance with 
the grid codes. This thesis work, therefore, can be useful for a utility or a regulatory 
commission to determine whether a particular constant speed WTG can meet the grid codes. 
Further, this work also presents techniques to enhance the rotor speed stability margin. 
These techniques can be helpful to manufacturers of constant speed WTGs to achieve 
compliance with grid codes such as LVRT requirements.  
In this chapter, the study of rotor speed stability has been carried out for a constant speed 
WTG. This work can be extended by considering analysis for a aggregate model of wind 
farm with a number of such constant speed WTGs. In practice, wind farms can also be 
equipped with FACTS devices, such as, SVC and STATCOM in addition to capacitor banks 
on each WTG. The sizing of such FACTS devices can be determined to satisfy LVRT 
requirements for the aggregated wind farm by modifying the analysis for the enhancement 
of rotor speed stability. 
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